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Abstract: The year 2017 was anomalously warm and dry across the whole Italian Peninsula, and the
paucity of precipitation was emphasized during the extreme summer drought of the main Italian river,
i.e., the Po river, which was characterized by a discharge persistently below 600 m3/s (in spite of the
average discharge of 1500 m3/s). During these extreme conditions, the Po river oxygen and hydrogen
stable isotopes (δD, δ18O) displayed a relation (δD = 6.1*δ18O − 6.6) significantly different from that
recorded in the previous investigation of the years 2012–2014 (δD = 7.5*δ18O + 6.5). The lowering of the
slope and the negative intercept clearly reflect the transition toward arid conditions that characterized
the investigated period. The difference is expressed by the derivative parameter Line-Conditioned
excess (LC-exc), which better describes the compositional difference of Po river water in the year
2017 with respect to that of the period 2012–2014, when the system was less affected by warm
or dry conditions and the river discharge was more similar to the historical trends. The isotopic
anomaly observed in 2017 throughout the river is even greater in the terminal part of the river,
where in the meanders of the deltaic branches, the river flow progressively slows down, suffering
significant evaporation. The isotopic signature of the water appears, therefore, an appropriate tool
to monitor the watershed response to evolving environmental conditions. These sensitive isotopic
parameters could be interpreted as “essential climate variables” (ECV) that are physical, chemical,
or biological geo-referenced parameters that critically contribute to the characterization of Earth’s
climate. Future research needs to find relationships between ECV (including the water stable isotopes)
and the evolution of ecosystems, which especially in the Mediterranean area, appear to be fragile and
severely affected by natural and anthropogenic processes.
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1. Introduction
Several studies emphasized the link between water stable isotopes and climatic conditions,
which in turn regulate the hydrological cycle [1–3]. The hypothesis, postulated since the sixties, has been
refined in the following decades through the definition of local meteoric lines, i.e., specific relations
between the δ18O and δD valid for different geographic areas. In addition, isotopic methods were
introduced in catchment hydrology research as a tool to obtain important hydrological information [4,5],
also suggesting that large-scale isotopic signatures of rivers potentially preserve that of precipitation
and are useful for climate investigation at a regional scale [6,7].
Unfortunately, systematic isotopic studies concerning large-scale catchments [5,8–14] are unevenly
distributed around the world. Consequently, the GNIR database (Global Network of Isotopes in
Rivers, [4]) lacks information in some specific areas, including Northern Italy, where the main
Italian rivers (Po and Adige) are not taken into consideration. In Northern Italy, systematic isotopic
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studies of river water were not available before 2015 and have been carried out recently for the
Po [15–19] and Adige [20,21] rivers, giving insights on the climatic conditions of the investigated
periods. The reiteration of these studies is important to establish relationships between isotopic
trends and hydrological processes, which are in turn associated with environmental changes at
large-scale catchment.
In this view, this work reports a reappraisal of the isotopic composition of Po river water for
the years 2012–2014 [15–17,19], and a comparison with new data referring to the hydrological year
2016–2017, in which extreme dry (and warm) climatic conditions affected the whole Mediterranean
area. The purpose is to evaluate the sensitivity of the water stable isotopes to environmental changes
that can impact water resources and related ecosystems.
2. Material and Methods
2.1. Study Area
The Po river flows through the Padana plain (Figure 1), a basin located between the Alpine and
the Apennine orogenic chains, infilled by alluvial sediments representing the weathering products of
the outcropping rocks [22–24]. It is the largest hydrological basin in Italy, covering an area of more
than 71,000 km2 (about a quarter of the national territory). The Po river originates from the Monviso
mountain in the Pian del Re locality (Piemonte) and cross-cuts northern Italy, finally approaching the
Adriatic Sea through the Po Delta, one of the largest Mediterranean deltaic systems (covering an of
area ~700 km2, [25]) recently included in the UNESCO Man and Biosphere (MAB) Program.
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The average discharge rate is 1500 m3/s at Pontelagoscuro, which is located close to city of Ferrara,
before the delta inception [26–28].
The river is fed by many tributaries from both the Alpine and the Apennine chains. The Alpine
streams are mainly fed by snowmelt and accordingly show a seasonal peak flow during the spring
to early-summer period, whereas the temporary Apennine streams show a minimum seasonal
flow (drought) during the summer, being generally fed by rains. These tributaries, together with
groundwater flows, account for the annual regime of the Po river ([15] and references therein), which
is characterized by two low-level hydrometric periods (winter and summer) and two flood periods
(late fall and spring). In terms of water budget, the main Alpine tributaries (left bank) often display
discharge higher than 100 m3/s (Dora Baltea, 110 m3/s, Ticino 290 m3/s, Adda up to 160 m3/s), whereas
the Apennine tributaries (right bank) usually show discharge lower than 50 m3/s. The Tanaro river,
draining the Maritime Alps (Liguria), is the only right bank tributary with high average discharge
(up to 130 m3/s). The tributaries flowing into the Po river progressively increase its discharge from
the upper to the lower part of the basin: 1 m3/s after 5 km from the source, 50 m3/s after 90 km from
the source, 960 m3/s at Piacenza (300 km from the source), 1115 m3/s at Cremona (350 km from the
source), 1500 m3/s at Pontelagoscuro, (560 km from the source, [27,29]). The current hydrographic
network has been variably modified by anthropogenic activities, including river embankment for
flood management, dam construction for water storage and hydroelectric power, and organization of
an artificial canal system to irrigate agricultural fields.
The climatic parameters of the investigated period, retrieved from the database of the Institute
of Atmospheric Sciences and Climate, National Research Council (ISAC-CNR), indicate that the
Italian peninsula was affected by anomalously warm and dry conditions following the trend already
delineated in the year 2015 [18]. In Northern Italy, the annual positive anomaly was of +1.5 ◦C with
respect to the reference time series 1971–2000. In particular, during May and July 2017 (the period
in which most water samples have been collected), the temperature anomaly was of +1.6 ◦C and
+1.7 ◦C, respectively.
On average, the temperature anomaly recorded in the summer 2017 has been overcome only in the
year 2003 (http://www.nimbus.it/clima/2017/170914estate2017.htm). As concerns the precipitation, this
period was characterized by a remarkable rainfall deficit of at least 30% with respect to the reference
time series 1971–2000, classifying the year 2017 as the driest since the 1800. In particular, during May
and July 2017, the recorded deficit was of −50% and −43%, respectively. The remarkable drought
was confirmed by record of the relative humidity, as the year 2017 was characterized by an annual
negative anomaly of −5.1% with respect to the reference time series 1961–1990. This negative anomaly,
higher than that recorded in the year 2003 (−3.9%), defined the year 2017 as the driest since 1961.
The above conditions were induced by the persistence of the African anticyclone, causing low
discharge of the Po river, reflected by the values recorded at Pontelagoscuro that were persistently
below 600 m3/s during the summer season [30].
2.2. Analytical Methods
The isotopic study includes:(a) 22 water samples collected in two different hydrological periods
(May and July 2017) along the Po river course in specific sites (see Figure 1) already investigated
by Marchina et al. [15,16,19]; (b) 10 water samples collected at the closing section of Pontelagoscuro
between October 2016 and September 2017; and (c) 15 water samples collected in different branches of
the Po river delta, mainly during August 2017. Sampling locations and abbreviations are explained in
Figure 1 and Tables 1–3.
The rationale behind the selection of sampling locations was to monitor the water geochemistry
along the river path, before and after the confluence of important tributaries, settlements, or zones
of important productive activities, but logistical criteria (i.e., accessibility) were also taken into
consideration. Each sampling location was geo-referenced by a portable global positioning system
(GPS). Surface water was collected at 40–50 cm depth using a bucket, possibly far from the shore
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(using boats, piers, bridges). Particular attention has been dedicated to the closing section of
Pontelagoscuro, where daily discharge data are also available and easily accessible.
Hydrogen and oxygen isotopic ratios were determined using the CRDS Los Gatos LWIA
24-d isotopic analyzer. The isotopic ratios of 2H/1H and 18O/16O were expressed as δ notation
(δ = (Rsample/Rstandard − 1) * 1000) with respect to the Vienna Standard Mean Ocean Water (V-SMOW)
international standard. Four bracketing standards that cover the whole range of isotopic values of the
Po river water were systematically run in the analytical sessions. These standards, obtained from the
Los Gatos Research Company, were calibrated with international IAEA standards. Analytical precision
and accuracy, based on replicate analyses of standards, were better than 0.3 and 1.0% for δ18O and
δD, respectively.
2.3. Derived Parameters: Calculation of D-excess and LC-excess
The relationship between the stable hydrogen and oxygen isotopic ratios of water systems was
identified by Craig as δD = 8*δ18O + 10 (Global Meteoric Water Line, GMWL), who characterized
this relationship as indicative of waters which have not undergone excessive evapotranspiration.
Afterward, Dansgaard [31] defined the concept of deuterium excess (D-exc = δD − 8*δ18O), an index of
non-equilibrium in the condensation–evaporation cycle of global precipitation. Values of D-exc between
10 and 11 are indicative of waters approaching quasi-stable conditions at a relative humidity of ~85%.
An additional parameter to evaluate how isotopic signatures of river waters differ from their
source was proposed by Landwehr et al. [32,33], who defined the Line-Conditioned excess (LC-exc) as
the difference between the δD and a linear transform of the δ18O with the following equation:
LC-exc = δD − a*δ18O − b (1)
where a and b represent the slope and the intercept of the local meteoric water line. This parameter was
recently introduced because it takes into account the local precipitation and the relative local meteoric
water line, from which the surface waters can deviate due to evaporation fractionation [32–35].
In this view, to emphasize the variation of Po river water in 2017, LC-exc was calculated with
respect to the updated Northern Italy meteoric water line reported by Giustini et al. [36]:
δD = 8.04* δ18O + 11.47 (2)
The slope (a = 8.04) and the intercept (b = 11.47) were used to calculate the LC-excess for the
isotopic values of 2017 (Tables 1–3) and for the historical data (in the Supplementary Materials).
3. Result
3.1. Isotopic Variation Along the Main Course
In the year 2017, water samples collected along the Po river (Table 1) displayed δ18O varying
between −12.7% and −8.5%, and δD varying from −85.8% and −60.1%, with an average
δ18O = −10.4% and δD = −71.0% calculated for the data from Pian del Re to Revere.
Isotopic values were more negative in May (average calculated for the samples collected along
the main course, −10.8% and −72.3% for δ18O and δD, respectively) with respect to July (average
calculated for the samples collected along the main course, −9.8% and −68.6% for δ18O and δD,
respectively), highlighting different contributions (snowmelt and precipitations) in different seasons.
The D-exc calculated for the year 2017 varied from 4.1% and 18.3%, with an average of 12.1%.
The average D-exc was 14.0% and 10.1% in May and July, respectively.
The LC-exc varied from −7.0% and 7.3% with an average value of 1.0%. It is interesting to note
that the LC-exc variations were, on average, −1.0% and 3.0% in July and May 2017, respectively.
The D-exc and LC-exc seasonal decrease from spring to summer is clearly indicative of more
effective evaporation processes [34,37,38].
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Table 1. Hydrogen and oxygen isotopic composition and derivate parameters D-exc and LC-exc of
the Po river water collected in the year 2017 (May and July). Coordinates and abbreviations of the
sampling sites (cf. Figure 1) are also reported.
ID Site Latitude Longitude Period δ18O % δD % D-exc % LC-exc %
P Pian del Re 44◦42′04.00” 07◦05′42.00” 26 July 2017 −12.7 −85.8 15.9 4.8
S Sanfront 44◦54′31.37” 07◦41′29.93” 26 July 2017 −11.7 −75.2 18.3 7.4
C Carignano 45◦07′29.63” 07◦46′15.37” 17 May 2017 −11.9 −81.9 13.1 2.3
ST Settimo
Torinese
45◦10′32.96” 08◦05′55.61” 17 May 2017 −11.5 −78.3 14.1 2.726 July 2017 −10.8 −76.2 10.2 −0.8
Cr Crescentino 45◦08′39.77” 08◦32′27.29” 17 May 2017 −12.1 −81.1 15.9 4.726 July 2017 −11.5 −74.6 17.1 6.4
F Frassineto Po 45◦2′10.95” 08◦49′16.20” 17 May 2017 −11.5 −82.1 9.8 −1.1
PC Pieve al Cairo 45◦07′27.90” 09◦09′31.96” 17 May 2017 −10.8 −72.9 13.9 2.526 July 2017 −9.1 −68.7 4.1 −7.0




◦03′41.76” 09◦41′53.51” 17 May 2017 −10.1 −66.0 14.9 3.726 July 2017 −9.0 −63.0 9.0 −2.1
P Piacenza 45◦07′43.34” 09◦59′45.93” 17 May 2017 −10.3 −66.4 16.3 4.926 July 2017 −8.7 −63.9 5.5 −5.4
Cre Cremona 44◦59′03.67” 10◦18′27.70” 17 May 2017 −10.0 −67.3 12.4 1.626 July 2017 −9.1 −65.7 6.9 −4.0
Co Coltaro 45◦03′27.46” 11◦07′52.80” 17 May 2017 −10.0 −67.1 12.7 1.826 July 2017 −8.9 −60.4 10.4 −0.3
Re Revere 44◦55′04.78” 11◦34′46.10” 17 May 2017 −9.3 −61.1 13.1 2.226 July 2017 −8.5 −61.4 6.8 −4.5
3.2. Isotopic Variation at the Pontelagoscuro Closing Section
In the hydrological year 2017, water samples collected at the closing section (Table 2) displayed
δ18O varying between−10.5% and−8.2%, and δD varying from−69.2% and−54.5%, with an average
of −8.9% and −59.6% for δ18O and δD measured in the different months of the 2017. The more
negative isotopic values were recorded in June, possibly recording a contribution of waters coming
from the western Alpine sector (snowmelt).
The D-exc calculated for the year 2017 varied from 9.1% and 14.9%, with an annual average
of 11.7%, and lowest values were observed during the summer season.
Table 2. Hydrogen and oxygen isotopic composition of Po river water at the Pontelagoscuro
(Plg in Figure 1) closing section in the hydrological year 2016–2017; D-exc and LC-exc and Po river
discharge (data from ARPA Veneto) are also reported. The value of November 2016 represents an average
value of 4 samples collected between the 18 November 2016 and 29 November 2016.
δ18O % δD % D-exc % LC-exc % Q (m3/s)
26 October 2016 −9.0 −59.7 12.3 1.2 825
November 2016 * −8.7 −57.3 12.3 1.2 3.298
2017
8 February 2017 −8.3 −56.7 9.7 −1.4 1.850
6 March 2017 −9.2 −61.8 11.8 0.7 980
5 April 2017 −8.2 −54.5 11.1 0.0 1.050
9 May 2017 −8.8 −55.5 14.9 3.8 1.348
5 June 2017 −10.5 −69.2 14.8 3.7 735
17 July 2017 −8.9 −59.9 11.3 0.2 545
10 August 2017 −8.8 −60.4 10.0 −1.1 475
20 September 2017 −8.7 −60.5 9.1 −2.0 1.190
Notes: Plg: Pontelagoscuro, Latitude: 44◦55′04.78”; Longitude: 11◦34′46.10”.
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The LC-exc calculated for the year varied from −2.0% to 3.8%, with an annual average of 0.6%.
It is interesting to note a trend with the highest values recorded during May and June and the lowest
(negative) values in August and September, before the start of the rainy season.
As reported above, D-exc and LC-exc seasonal decrease is related to the more effective evaporation
which occurs during the summer.
Table 3. Hydrogen and oxygen isotopic composition and relative D-exc and LC-exc in waters collected
in the distinct branches of the Po Delta (cf. inset of Figure 1). Coordinates of the sampling sites are
also reported.
ID Po River Branches Latitude Longitude Date δ18O % δD % D-exc % LC-exc %
FU1 Po di Venezia 44◦57′25.00” 12◦21′54.00” 23 August 2017 −9.5 −61.3 14.7 3.6
FU2 44◦57′21.00” 12◦25′09.00” 23 August 2017 −9.1 −62.3 10.5 −0.6
FU3 44◦57′58.57” 12◦31′21.10” 23 August 2017 −8.8 −55.3 15.5 4.0
FU4 Po di Tolle 44◦56′15.50” 12◦26′04.92” 23 August 2017 −8.9 −59.6 11.6 0.5
FU5 44◦53′50.56” 12◦27′52.58” 23 August 2017 −8.2 −55.1 10.1 −0.6
FU6 44◦51′14.43” 12◦27′55.00” 23 August 2017 −7.6 −48.4 12.1 1.2
FU7 Po di Gnocca 44◦55′25.88” 12◦19′14.68” 21 August 2017 −9.0 −60.2 11.8 0.7
FU8 44◦50′40.81” 12◦22′21.10” 21 August 2017 −9.4 −58.8 16.4 5.3
FU9 44◦48′40.64” 12◦24′28.69” 21 August 2017 −7.7 −54.5 7.5 −4.1
FU12 Po di Goro 44◦50′04.23” 12◦20′41.42” 21 August 2017 −7.7 −58.1 3.5 −7.7
FU11 44◦48′25.77” 12◦22′13.08” 21 August 2017 −7.6 −54.1 6.7 −4.5
FU10 44◦47′37.97” 12◦23′42.52” 21 August 2017 −5.9 −37.3 9.9 −1.3
FU15 Po di Maistra 44◦57′42.44” 12◦20′01.78” 23 August 2017 −8.2 −55.4 10.2 −0.9
FU14 44◦59′53.67” 12◦23′48.82” 9 September 2017 −8.2 −52.5 13.1 2.0
FU13 45◦01′40.00” 12◦24′35.38” 9 September 2017 −3.6 −33.2 −4.3 −15.7
3.3. Isotopic Variation in the Po River Delta
In the summer 2017, water samples collected in the Po river delta (Table 3) displayed δ18O varying
between −9.5% and −3.6%, and δD varying from −62.3% and −33.2%, with an average of δ18O
and δD −8.0% and −53.7%, respectively. Excluding water samples collected close to the mouths,
significant differences were observed between distinct deltaic branches: Po di Venezia (the main branch)
was characterized by the more negative isotopic values, comparable to those observed in the closing
section of Pontelagoscuro. The less negative isotopic values were recorded in the southernmost branch
that is Po di Goro.
Excluding water samples collected close to the mouths, the average D-exc in the delta was 10.9%,
with the highest values in the in the Po di Venezia and Po di Gnocca and the lowest in the Po di Goro.
Excluding water samples collected close to the mouths, the average LC-exc was −0.2%, with the
highest values in the Po di Venezia and Po di Gnocca and the lowest (negative) values in the Po di
Goro and Po di Maistra.
4. Discussion
4.1. Isotopic Variation along the Main Course
The spatial distribution of δ18O and δD along distinct parts of the stream path from the mountainous
sector of the catchment down to the low part of the plain revealed regular gradients with the occurrence
of progressively less negative isotopic values seaward. In the δ18O and δD diagrams of Figure 2,
which emphasizes the spatial variation of the investigated parameters, sub-parallel trends can be
observed in May and July 2017.
The variation trend observed in May 2017 approaches the average of isotopic values observed
in the biennia 2012−2014 [15,16,19] (see Supplementary Table S1 in the Supplementary Materials).
This means that the 2017 was characterized by a relative depletion of snow, which is generally
characterized by extremely negative isotopic compositions [21,39]. The trend observed in July 2017
is characterized by less negative isotopic values with respect to the average observed in the biennia
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2012−2014, indicating the occurrence of a cumulative effect of catchment scale evapotranspiration and
instream evaporative processes during the summer 2017.
Coherently, D-exc and LC-exc values are generally lower in July 207 with respect to May 2017.
Moreover, in the down flow of Piacenza, the D-exc and LC-exc values of July 2017 are comparatively
lower than those recorded in the biennia 2012−2014. These features support the fact of Po river water
suffered higher evaporation processes in July 2017, with respect to the other investigated periods.
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4.2. Isotopic Variation at the Pontelagoscuro Closing Section
On average, the isotopic fingerprint of Po river water at Pontelagoscuro between October 2016
and September 2017 was −8.9 and –60.0% δ18O and δD, espectively. If the data set is restricted to
the water samples collected in 2017, the average was –8.9 and –60.1% for δ18O and δD, espec ively.
These averages ar shifted (enriched in heavy isotopes) from 0.6 and 3.9%, with resp ct to th
of the p riod 2012–2014 ([15,16,19]; Supple entary Materials). W rela e these significant
isotopic changes to the observed drought induced by a temperature anomaly and a co comitant deficit
of precipitation.
The data of Tables 1 and 2 are plotted in a δD vs. δ18O diagram (Figure 3), showing a relation
that can be classified as RWL (River Water Line), described by the equation δD = 6.1*δ18O − 6.6
(R2 = 0.9). This equation, calculated w th the Ordinary Least Square (OLS) regression method, is
significan ly different from at obtained with the sam method on data referring to the period
2012−2014 (δD = 7.5*δ18O + 6.5; R2 = 0.97). Th P RWL2017 is progressively d parting from the local
meteoric water line (LMWL) of northern, Italy defin d by Longinelli and Selmo [40] and refined by
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Giustini et al. ([36]; δD = 8.0* δ18O + 11.5). Note that the difference is given by both the decrease of the
slope and by the negative intercept, which are indicative of arid conditions [8].Water 2019, 11, x FOR PEER REVIEW 8 of 13 
 
 
Figure 3. The δD vs. δ18O of Po river water (data from Tables 1 and 2 and Supplementary Tables S1 
and S2 in the Supplementary Materials) along the main course and the Pontelagoscuro section. The 
new data (hydrological year 2017) and the relative regression lines are compared with those recorded 
in Po river water during the years 2012–2014. Regression lines have been calculated using the 
Ordinary Least Square (OLS) regression method, traditionally used to calculated the meteoric water 
line [41]. The Local Meteoric Water Line (LMWL) defined for Northern Italy [36] is also reported in 
grey for comparison. 
Trying to investigate subsets of seasonally comparable data, we observed that the Po RWL 
calculated with only samples collected in summer 2017 is δD = 5.3*δ18O − 15.9 (R2 = 0.94), drastically 
different from that calculated with samples of summer 2013 (δD = 8.1 *δ18O + 13.2), suggesting that 
the isotopic peculiarity of the year 2017 mainly developed in the summer period in connection with 
the remarkable drought conditions that affected the basin. 
4.3. Isotopic Variation in the Po River Delta  
Isotopic variation in the river delta have to be interpreted with caution, as water composition 
could be directly influenced by mixing with seawater. For this reason, in the discussion, we do not 
take into consideration water samples collected close to the mouths (Table 3). The results have been 
compared with data carried out on samples collected exactly in the same sites during the summer 
2013 ([17]; the Supplementary Materials). A systematic difference can be noted between the isotopic 
composition of water samples of August 2017 and those of August 2013 (Figure 4), with the latter 
being systematically more negative, with differences of 0.1–0.8‰ and 4.4–6.3‰ for δ18O and δD, 
respectively. The difference between the water samples of August 2017 and August 2013 are even 
greater, up to 1.4‰ and 8‰ for δ18O and δD, respectively, in the southernmost deltaic branch (Po di 
Goro). It appears therefore that the isotopic differences observed in the 2017 throughout the river are 
emphasized in its terminal part, where in the meandering sections of the deltaic branches the river 
flow progressively slows down, being affected by more efficient evaporation. 
Figure 3. The δ vs. δ18 of Po river water (data from Tables 1 and 2 and Supplementary Tables S1 and
S2 in the Supplementary Materials) along the main course and the Pontelagoscuro section. The new
data (hydrological year 2017) and the relative regression lines are compared with those recorded in Po
river water during the years 2012–2014. Regression lines have been calculated using the Or inary Least
Square (O S) regression method, traditionally used to calculated the meteoric water line [41]. The Local
Meteoric Water Line (LMWL) defined for Northern Italy [36] is also r ported in grey for comparison.
Trying to investigate subsets of seasonally comparable data, we observed that the Po RWL
calculated with only samples collected in summer 2017 is δD = 5.3*δ18O − 15.9 (R2 = 0.94), drastically
different from that calculat d with samples of summer 2013 (δD = 8.1 *δ18O + 13.2), suggesting that
the isotopic peculiarity of the year 2017 mainly developed in the summer period in connection with
remarkabl drought conditions that affected the basin.
4.3. Isotopic Variation in the Po River Delta
Isotopic variation in the river delta have to be interpreted with caution, as water composition
could be directly influenced by mixing with seawater. For this reason, in the discussion, we do not
take into consideration water sa ples collected close to the mouths (Table 3). The results have been
compared with data carried out on samples collected exactly in the same sites during the summer
2013 ([17]; the Supplementary Materials). A systematic difference can be noted between the isotopic
composition of water samples of August 2017 and those of August 2013 (Figure 4), with the latter being
systematically more negative, with differences of 0.1–0.8% and 4.4–6.3% for δ18O and δD, respectively.
The difference between the water samples of August 2017 and August 2013 are even greater, up to 1.4%
and 8% for δ18O and δD, respectively, in the southernmost deltaic branch (Po di Goro). It appears
therefore that the isotopic differences observed in the 2017 throughout the river are emphasized in its
terminal part, where in the meandering sections of the deltaic branches the river flow progressively
slows down, being affected by more efficient evaporation.
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4.4. The δD-δ18O Variation and Inferences on Environmental Changes
Previous investigation of Po river water during the years 2012–2014 [15,16,19] highlighted a very
good correlation between oxygen and hydrogen isotopic composition, defining a River Water Line
(RWL) of δD = 7.5*δ18O + 6.5, calculated using the Ordinary Least Square (OLS) regression method,
traditionally used to calculate the meteoric water line [41]. As often observed worldwide [4], the Po
RWL2012–2014 has lower slope than the respective LMWL. In any case, both “meteoric” and “river” water
lines are features that can vary in response to transient climatic variations. Accordingly, during 2017,
in relation to anomalously high temperature and deficit of rainfall, the Po RWL was drastically different,
being δD = 6.1*δ18O− 6.6 (Figure 3). The use of alternative least squares methods (Crawford et al., 2014),
such as the orthogonal regression, also known as reduced major axis (RMA) regression, although
giving slightly different parameters (δD = 6.5*δ18O − 3.2), confirms that the Po RWL2017 is characterized
by a lower slope with respect to the LMWL and a negative intercept.
The Po RWL resulted to be even more anomalous if calculated only with samples collected during
the summer period (δD = 5.4*δ18O − 15.4, calculated by OLS; δD = 5.6 *δ18O − 13.5, calculated by RMA).
The lowering of the slope and the negative intercept clearly reflect the transition toward arid conditions
that characterized the investigated period. The progressive deviation between the meteoric water and
the river water lines can be interpreted as the watershed response to environmental changes (including
precipitation and temperature variation, but also evolution in the land use and water consumption),
and it would be interesting to reiterate the studies in the future and to evaluate the magnitude of these
changes in the following years.
The isotopic anomaly recorded in the year 2017 can be expressed also in terms of LC-exc (calculated
as explained in Section 2.3). Noteworthy, this parameter became progressively lower (toward negative
values) during the transition between spring and summer, indicating an increase of evaporative effects.
The application of these tracers in the monitoring of environmental changes is of particular
importance in the Mediterranean area, where recent studies [42–44] emphasized temperature increase
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and precipitation decrease at a higher magnitude than those observed at global scale. The riverine
system taken into consideration in this study is the Po river, the main Italian river, which, as observed in
the previous chapters, effectively recorded in the year 2017 an isotopic anomaly linked to a simultaneous
increase of temperature and water deficit. The presented data are a snapshot of the Po river system in
the droughty year 2017, which compared with previous data and with those of future investigations,
will provide useful information on the ongoing hydrological changes. Although to a lesser extent,
isotopic anomalies connected to a drought condition have also been recorded in the summer 2017 in
the second longest river of Northern Italy, which is river Adige [20], thus confirming the peculiarity of
the year 2017 throughout Northern Italy.
In our view, these sensitive isotopic parameters could be introduced as “essential climate variables”
(ECV) that are georeferenced physical, chemical, or biological variables or a group of linked variables
that critically contributes to the characterization of Earth’s climate [45].
Future research needs to find out relationships between ECV (including the water stable isotopes)
and the evolution of ecosystems, which in the Mediterranean area especially appear to be fragile and
severely affected by both natural and anthropogenic processes [46–48].
5. Conclusions
The stable isotopes of river water can be considered an appropriate tool to evaluate watershed
response to the environmental changes in large scale basins, such as that of Po river.
Focusing attention on the year 2017, which was particularly prone to drought, we recorded extreme
isotopic values emphasized by mutual relationships of oxygen and hydrogen isotopes, expressed by
lower slope and intercept values in δD vs. δ18O diagrams with respect to those of local precipitation,
in response to marked evaporation processes. The evidence is supported by derivative parameters,
such as D-exc and LC-exc, which tend to be lower than those typical of meteoric water. The comparison
with the data of the biennia 2012–2014 indicates systematic differences in the isotopic trends of the
two investigated periods, which have been characterized by distinct climatic conditions.
Therefore, although aware that the presented hypotheses have to be tested on longer time
series, isotopic studies on river water are highly informative and implement those directly made on
precipitations for the understanding of environmental changes. Further isotopic investigation at the
catchment scale is needed to validate the effectiveness of these tracers as environmental parameters.
Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/11/1/150/s1.
The authors provide Supplementary Materials containing three Tables. These tables summarize the δ18O-δD of Po
river water reported in the previous studies of our research group [15–19].
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